ABSTRACT: Leucogranites are typical products of collisional orogenies. They are found in orogenic terranes of different ages, including the Proterozoic Trans-Hudson orogen, as exemplified in the Black Hills, South Dakota, and the Appalachian orogen in Maine, both in the USA, and the ongoing Himalayan orogen. Characteristics of these collisional leucogranites show that they were derived from predominantly pelitic sources at the veining stages of deformation and metamorphism in upper plates of thickened crusts. Once generated, the leucogranite magmas ascended as dykes and were emplaced within shallower parts of their source sequences. In these orogenic belts, there was a strong connection between deformation, metamorphism and granite generation. However, the heat sources needed for partial melting of the source rocks remain controversial. Lack of evidence for significant intrusion of mafic magmas necessary to cause melting of upper plate source rocks suggests that leucogranite generation in collisional orogens is mainly a crustal process.
Leucogranites, peraluminous granites with near-eutectic composition, are common in collisional orogens, where they were produced by partial melting of deformed and metamorphosed accretionary-wedge and ocean-floor sediments. Whilst there is general agreement that leucogranites are anatectic products of pelitic crustal sources, the heat sources for their production have remained controversial. Thickened orogens do not become sufficiently hot to cause water-absent melting of pelites without additional heat input from the mantle or crustal processes, such as shear-heating or accretion of rocks with high concentrations of radioactive isotopes (e.g. Royden 1993 ; Thompson & Connolly 1995) .
Much of the discussion concerning petrogenesis of collisional leucogranites has focused on the Tertiary High Himalaya granites, because they record recent crustal melting in an ongoing continental collision (Fig 1) . Processes which have been proposed to have induced melting include fluid-fluxing of source lithologies above the Main Central Thrust, a major shear zone that separates metasedimentary sequences that have different metamorphic field gradients and crustal residence ages (Le Fort et al. 1987; Guillot & Le Fort 1995) , melting of rapidly decompressing crustal blocks (Zeitler & Chamberlain 1991; Harris & Massey 1994) , deep accretion of rocks with high concentration of radioactive isotopes (Huerta et al. 1998; Jamieson et al. 1998) , and deformation-induced heating along shear zones (Zhu & Shi 1990; Harrison et al. 1998) .
Whilst the Himalayas provide an example of recent leucogranite petrogenesis, extensive leucogranites also occur in ancient collisional orogens, including the 400-270 Ma leucogranites of Maine, USA, which were generated during the Appalachian orogeny (Tomascak et al. 1996b; Pressley & Brown 1999) , and the leucogranites of the Black Hills, South Dakota, USA, which are the products of melting in the southern part of the Trans-Hudson orogen ( Fig. 2 ; Redden et al. 1990; Nabelek et al. 1992a; Nabelek & Bartlett 1998) . The Trans-Hudson orogeny was responsible for agglomeration of several Archaean microcontinents in the Proterozoic to form the nucleus of North America. The chemistry, mineralogy, character of occurrence and differentiation, and relationships to the host rocks of these leucogranites bear many similarities to the Himalayan leucogranites. In this paper, the present authors review these characteristics and use them to place constraints on the thermal models for generating collisional leucogranites.
Mineralogical and chemical characteristics of collisional leucogranites
Collisional leucogranites are characterised by their peraluminous compositions (ASI >1·1) and very low concentrations of CaO, MgO, and FeO, typically <1 wt.% for each (Fig. 3) . These concentrations are lower than in the prototypical S-type granites of the Lachlan fold belt, Australia, which contain large proportions of restite (Chappell & White 1992) , whereas leucogranites are generally restite-free. In leucogranites, muscovite is a characteristic mineral, along with tourmaline or biotite. Almandine-spessartine garnet and minor sillimanite can also occur. Tourmaline and biotite are often exclusive of each other. Biotite is usually found in rocks which have more than w0·06 wt.% TiO 2 , whereas tourmaline occurs in rocks which have less TiO 2 . Tourmaline and biotite-bearing granites often exist within different parts of composite plutons, such as in the Badrinath-Gangotri plutons in India and in the Harney Peak Granite and its satellite plutons in the Black Hills (Scaillet et al. 1990 ; Nabelek et al. 1992a) . The relationship between tourmaline and biotite-bearing leucogranites has been attributed to fractional crystallisation (Scaillet et al. 1990; Guillot & Le Fort 1995) or production by muscovite versus biotite-dehydration melting reactions, respectively (Nabelek et al. 1992a) . The latter alternative is based on often distinct isotopic compositions of the two leucogranite types in a given region (see below).
Leucogranite plutons generally form by intrusion of multitudes of dykes and sills into ballooning magma chambers (Duke et al. 1988; Searle et al. 1997; Brown & Solar 1998b) . Magma batches are thought to migrate from source-regions into dilatant portions of shear-zone systems in crustal sequences which are undergoing contractional deformation (Brown & Solar 1998b) . Shear-zone systems are integral to leucogranite magma generation, ascent and emplacement. After emplacement, individual melt sheets often locally differentiate into aplite-pegmatite couples, giving wide ranges in plagioclase/K-feldspar ratios within the sheets. This, in turn, leads to wide ranges in Ba, Sr and other trace elements that are fractionated by feldspars (Duke et al. 1992) . (Nabelek et al. 1992a; Guillot & Le Fort 1995; Tomascak et al. 1996b; Pressley & Brown 1999 ) with compositions of representative S-and I-type granites from the Lachlan Fold Belt (Chappell & White 1992) . All leucogranites from the three regions overlap and fall within the shaded field. FeO+MgO concentrations in the Lachlan suites are more elevated and variable because of a greater proportion of mafic components, restite and fractional crystallisation.
In addition to composite granite plutons, unzoned and large zoned pegmatites of the Li-Cs-Ta class often occupy leucogranite fields. Pegmatites occur in Maine and are prominent in the Black Hills (Norton & Redden 1990) . They are the products of low-temperature, sometimes <400(C crystallisation of peraluminous melts fluxed by borate and carbonate species (Sirbescu & Nabelek 2003a, b) .
Source rocks
Major and trace element compositions of collisional leucogranites show that metapelites, and to a lesser extent, metagraywackes are their sources (Harris & Inger 1992; Nabelek & Bartlett 1998; Solar & Brown 2001) . Partial melting experiments on metapelites (Patiñ o-Douce & Harris 1998) , and structural relationships between migmatites, melt ascent paths and plutons (Le Fort et al. 1987; Brown & Solar 1998b) support this link. Metapelites are more fertile melt producers than metagraywackes because metapelites contain higher proportions of muscovite. The often significant paragonite component in muscovite adds to melt production (Nabelek & Bartlett 2000) .
A key feature of collisional leucogranite plutons is that they are emplaced within shallower sections of their source metasedimentary sequences. The direct connection between plutons and specific source rocks has been made using different isotopic systems. For example, the Nd model ages of the High Himalaya leucogranites are the same as those of the high-grade High Himalaya crystalline metamorphic rocks (1·4-2·2 Ga) within which they occur, but are different from the underlying Lesser Himalaya metamorphic rocks (2·3-2·6 Ga, Fig. 4a ; Ahmad et al. 2000) . Similarly, 18 O values of the granites and underlying migmatitic gneisses span the same range, mostly 11-14‰, and 87 Sr/ 86 Sr i ratios of both groups are high at >0·73 Figure 4 (a) Nd model ages for various upper crustal blocks and leucogranites in the Himalayas (after Ahmad et al. 2000) . The range of model ages of the leucogranites is the same as that of the High Himalaya crystallinites within which they occur. (b) Nd (1715) and selected calculated evolution trajectories of the values in tourmaline and biotite-bearing parts of the Harney Peak Granite and its satellite intrusions (after Krogstad & Walker 1996) . The data indicate mixed Archaean and Proterozoic sources for the leucogranites. (c) Nd values of the Sebago batholith and Phillips pluton in the Central Maine Belt (CMB) (after Tomascak et al. 1996b; Pressley & Brown 1999) . The data indicate melt derivation from the host CMB rocks and Avalonian lithologies which were thrust over the Grenville basement during the Appalachian orogeny. (France-Lanord & Le Fort 1988 (Guillot & Le Fort 1995) .
Analogous connections between leucogranites and isotopically heterogeneous pelitic source rocks occur in the Black Hills. The tourmaline-bearing suite has a 12·3-13·6‰ 18 O range, which corresponds to isotopic compositions of the host Proterozoic metapelites and metagraywackes, whereas values of the biotite-bearing suite are lower at 10·8-12·8‰ (Nabelek et al. 1992b Pb ratios compared to K-feldspars in the biotite-bearing granites (Krogstad et al. 1993) . The ratios indicate a relatively short, 100-300 m.y. crustal residence of the source for the tourmaline suite and crustal residence since the late Archaean for the source of the two-mica suite prior to melting. The two granite suites have overlapping Nd (1715 Ma) values, 6·4 to 9·9 for ten samples of the two-mica suite, and 2·0 to 7·7 for 10 samples of the tourmaline suite ( Fig. 4b ; Krogstad & Walker 1996) . One sample of the tourmaline suite has an unusually low average value of 12·6. The spread in Nd (1715 Ma) values may in part reflect disequilibrium melting of the protoliths (Nabelek & Glascock 1995; Ayres & Harris 1997) . Nevertheless, the high end of the range for the tourmaline suite overlaps that of the Proterozoic schists, which have model T DM extraction ages w2300 Ma, whereas the low end approaches an Archaean component. Thus, the isotopic data suggest that the source rocks for the two leucogranite suites had mixed provenance, sediments derived from Archaean microcontinents and Proterozoic ocean-floor sediments which were thrust over the Wyoming basement during the Trans-Hudson orogeny. These sedimentary sources comprise much of the Precambrian core of the Black Hills.
The relationship between leucogranites and their source rocks in Maine has been deduced principally from Nd isotopic studies of the 404 Ma Phillips pluton (Pressley & Brown 1999) and the 293 Ma Sebago batholith (Tomascak et al. 1996a, b) which occur within the Central Maine Belt (CMB). The Phillips pluton was emplaced within a low-strain portion of the CMB during Early Devonian deformation of metasedimentary sequences (Solar et al. 1998) . Intrusion of the Sebago batholith and the associated pegmatites which are as young as 270 Ma appears to be related to movement along the regional Norumbega shear-zone system that is the boundary between the accreted Avalon terrane to the east and the CMB to the west. The CMB and perhaps portions of the Avalon terrane overly an older Grenville basement. The age of the Sebago batholith was used to constrain timing of the most recent deformation within the shear zones which mark the end stages of the Appalachian orogeny (Tomascak et al. 1996a) .
Leucogranites of the Phillips pluton have Nd (404) values which correspond to values of the CMB metasedimentary rocks and migmatites at the time of intrusion (Fig. 4c) . In contrast, the Sebago batholith and small granodioritic portions of the Phillips pluton have values which suggest derivation from sedimentary rocks with Avalon terrane affinities. Thus, the sources of these leucogranites were metasedimentary sequences which were undergoing active metamorphism and deformation during magma genesis, ascent and emplacement in upper portions of the thickened Appalachian crust.
Metamorphism, deformation and melt production
Structural analysis in the CMB by Solar, Brown and co-workers (Brown & Solar 1998a, b; Solar et al. 1998 ) has clearly linked leucogranite magmatism to active contractional deformation and metamorphism. The links can also be made in the Black Hills and the Himalayas, where granite intrusion was, in some cases, accompanied by rapid denudation (Winslow et al. 1995; Davidson et al. 1997; Whittington & Treloar 2002) . In the three terranes, regional metamorphism and deformation of the host metapelitic sequences began several tens of millions of years prior to leucogranite magmatism during early stages of continental collisions, as shown by dated monazite and garnet growth (Dahl & Frei 1998; Harris et al. 2000) . In the Black Hills, initial garnet growth preceded leucogranite emplacement by about 35 m.y. The garnet grew at 350-400(C as indicated by its high spessartine component and low a(H 2 O) in the metamorphic rocks during growth . Metamorphism proceeded until the onset of leucogranite generation, which marked the end stages of deformation of the host rocks. However, in all these orogens, leucogranite magmatism was clearly synkinematic, although contact aureoles were imposed on shallower, earlier-deformed parts of the overthrust sequences by growing plutons (Brown & Solar 1998b; Solar et al. 1998; Schneider et al. 1999) . Previously, such contact aureoles were attributed to postcollisional generation of magmas as a result of increased heat flow after thinning of the mantle lithosphere (e.g. De Yoreo et al. 1991; Holm et al. 1997) .
In the Himalayas and Maine, leucogranite plutons occur in dilatant zones in close proximity to major shear zones. The shear zones themselves typically include migmatitic rocks (Solar et al. 1998; Schneider et al. 1999; Whittington & Treloar 2002) . Thus, melt migration was from areas of compressional high strain to areas of dilatancy. The largest pluton in the Black Hills, the Harney Peak Granite, also appears to have been emplaced between major faults which were undergoing active displacement on the pluton's east and west sides (Fig. 2 ).
Melt-producing reactions
The dominant collisional leucogranites are two-mica granites and muscovite-tourmaline granites. Muscovitedehydration melting (MDM) of metapelites that also includes the breakdown of tourmaline explains the chemical characteristics of muscovite-tourmaline granites, including the necessary boron concentrations (Wilke et al. 2002) . Muscovitetourmaline granites typically contain very low concentrations of light rare-earth and other high field-strength elements (Fig. 5) . The low concentrations result from lack of achievement of equilibrium between melts and accessory minerals, such as monazite and zircon, in residues. The disequilibrium has been ascribed to rapid removal of melts from source regions (e.g. Watt & Harley 1993) . Alternatively, Nabelek & Glascock (1995) proposed that monazite may remain armoured by biotite, which does not partake in the melting reaction, thus preventing equilibration of monazite with the partial melt.
The large masses of muscovite-tourmaline granites and tourmaline-bearing migmatites in convergent orogens suggest that MDM is a characteristic melt-producing mechanism. However, two-mica granites indicate melting conditions which also include at least a partial breakdown of biotite. Evidence for biotite-dehydration melting (BDM) includes the generally higher Ti concentrations in two-mica granites and more elevated light rare earth element (REE) concentrations (Fig. 5 ) which indicate equilibration of previously biotite-armoured monazite with melt. Titanium, which is released to the melt by the breakdown of biotite, stabilises biotite over tourmaline in the crystallising magma (Nabelek et al. 1992a; Scaillet et al. 1995; Wilke et al. 2002) .
Earlier models for generation of the Manaslu granite in the Himalayas included water-present melting of the High Himalaya crystallinites, with water derived from the underlying Lesser Himalaya metasedimentary rocks (Le Fort et al. 1987; France-Lanord & Le Fort 1988) . However, there is now a preponderance of evidence for generation of collisional leucogranites mostly under fluid-absent conditions at temperatures far above the water-saturated granite solidus:
(1) Harris & Inger (1992) have argued that high Rb:Sr and low Sr:Ba ratios in the Manaslu granite compared to the source rocks are inconsistent with fluid-present melting, since fluid-present melting would remove most feldspar from the residue. Feldspar removal would increase Sr concentrations in the melt above those which are observed. However, it is cautioned, that the relative ratios are also dependent on the amount of biotite in the residue, whose proportion during MDM can be sufficiently high to cause lower Rb:Sr and higher Sr:Ba ratios in partial melts than their source rocks, even when plagioclase remains in the residue (Nabelek & Bartlett 2000 (Nabelek et al. 1992b) , which suggest melt production at temperatures far above the water-saturated granite solidus. (4) Application of REE solubility models to the Black Hills and Himalaya granites yields >700(C temperatures for both locations (Nabelek & Glascock 1995; Ayres & Harris 1997) . Because the granites contain very little restite, it is unlikely that these high temperatures are anomalously high because of entrainment of monazite and zircon from source rocks. (5) X(CO 2 ) of primary fluid inclusions in the Black Hills leucogranites ranges from 0·55 to 0·1 (Nabelek & Ternes 1997) . The range is attributed to differential degassing of CO 2 and H 2 O from crystallising magma. The largest X(CO 2 ) value can be used to estimate the concentrations of these two species in the magma at initial saturation (Holloway & Blank 1994) . For the 3·5 kbar pressure of magma emplacement, the estimated concentrations are 3·5 wt.% H 2 O and 1500 ppm CO 2 . The concentration of water is significantly below the required w14 wt.% at the water-saturated granite solidus at 10 kbar (Johannes & Holtz 1996) . (6) Occurrence of MDM or BDM reactions does not necessarily preclude initiation of melting under water-present conditions. However, the metasedimentary sequences within the collisional orogens described here contain large proportions of graywackes which contain substantial amounts of K-feldspar. Under water-present conditions, K-feldspar along with quartz and plagioclase should partake in melt-production at the temperature of the watersaturated granite minimum. There is little evidence for melting of this anhydrous assemblage in the collisional orogens. These melts should not be hotter than w650(C, they should not be peraluminous, and they should contain much less boron and titanium, characteristic elements of MDM and BDM, respectively, than the orogenic leucogranites. (7) Fluid-present melting conditions may occur in the upper crust in shallow parts of shear zones which may be penetrated by water (e.g. Whittington et al. 1999) . Melts produced by fluid-present melting cannot ascend far from their source because they rapidly cross the solidus as they migrate into lower-temperature regions higher in the crust. In contrast, melts formed by fluid-absent melting can remain above the liquidus until their emplacement in plutons. Water-undersaturated leucogranite magmas can reach the upper crust through dykes which are several metres wide (Scaillet et al. 1996) , as those seen in the three described regions. The position of the MDM and BDM reactions in the P-T regime in the crust places a constraint on the depths of leucogranite generation. Figure 6 shows the position of the experimentally determined MDM reaction and the initial stage of the continuous BDM reaction in metapelites (Le Breton & Thompson 1988; Patiñ o-Douce & Harris 1998) . The reactions' slopes suggest that they should intersect at w10 kbar. Above this pressure, muscovite and biotite should partake in the initial melting reaction together. Thus, the occurrence of muscovite-tourmaline leucogranites and migmatites places the upper limit of their source region to <10 kbar, within the upper plate of a thickened orogenic crust.
The depth of generation of two-mica leucogranites is more difficult to constrain because they can be generated either by BDM below the intersection of reactions in Figure 6 , or by the combined breakdown of muscovite and biotite. Isotopic compositions of muscovite-tourmaline and two-mica portions of the Manaslu pluton suggest that they were derived from isotopically distinct metapelites and metagraywackes, respectively, in the High Himalaya crystallinites (Guillot & Le Fort 1995) . Therefore, if the muscovite-tourmaline granites were generated by MDM, then the two-mica granites must have been generated by BDM at approximately the same conditions, also below 10 kbar. In the Nanga Parbat massif, Pakistan, spinel-and cordierite-bearing migmatites formed by anatexis of metapelites at w5 kbar (Whittington et al. 1998) , showing that biotite-breakdown conditions can also be reached at rather low pressures. Harris & Massey (1994) estimated these to have been the conditions of melting in the Himalayan migmatites.
In the Black Hills, the depth of generation of the two-mica variety of the Harney Peak Granite is difficult to determine because the appropriate Archaean metasedimentary protolith occurs both along the margins of the Precambrian terrane and probably below a dipping interface with the exposed folded Proterozoic metasedimentary sequence. However, there is no evidence for great depths of generation of the two-mica variety. Instead, its emplacement by dykes, in the same manner and within the same plutons as the muscovite-tourmaline variety, suggests magma generation within approximately the same region in the upper plate of the thickened crust as generation of the tourmaline granites.
Thermal constraints
The above summary shows that leucogranite generation in collisional orogens is directly related to metamorphism and deformation of the upper plate of thickened crust. Therefore, thermal models in which granite generation is simply a passive response to heat flow and heat production in the crust do not adequately reflect the dynamic nature of the granite-generation process. Successful thermal models should reproduce the metamorphic and deformation conditions of collisional orogens in addition to meeting the thermal requirements for leucogranite generation. Below, the present authors review five types of models which have been proposed to explain leucogranite generation in collisional orogens: simple crustal thickening, enhanced internal heat production in the crust, decompression melting, thinning of the mantle lithosphere and shear-heating. Although they have previously used forms of the models to address the specific problem of metamorphism, granite generation and crustal rheology in the Black Hills (Nabelek & Liu 1999; Nabelek et al. 2001) , the models presented here have fairly simple boundary conditions which permit a more general evaluation of the potential processes which lead to metamorphism and leucogranite generation in collisional orogens.
The transient thermal evolution during crustal thickening and denudation that involves melt generation can be written as (Liu & Furlong 1993) . The parameter T is temperature and the term u · PT is thermal advection associated with thickening and erosion, in which u is the velocity vector. Parameter t is time, k is thermal diffusivity (1 10 6 m 2 s 1 ), is density (2900 kg m 3 ), C p is specific heat, L is latent heat of fusion and f is melt fraction. The rates of volumetric radioactive heating, A r , and shear-heating, A s , are salient parameters in the models discussed here.
The specific heat of the crustal rocks was assumed to vary with temperature, with C p =a+bT-cT , was invoked in the calculations when temperature reached the muscovite or biotite+muscovite dehydration-melting reactions. Melting was assumed to occur over a 25(C interval and melt fraction was 20%, as allowed for MDM of Black Hills schists (Nabelek & Bartlett 1998) . Melting buffers geotherms to remain close to the schist solidus until the melting interval is exceeded.
Equation 1 was solved by the finite difference method using a modified version of the OROGEN computer program (Liu & The two reactions should cross at w10 kbar, above which both micas should be involve in the melting reaction together (dashed curve). The intersection places an upper pressure limit on the production of tourmaline-muscovite granites.
Furlong 1993). The present authors assumed that the crust was thickened by stacking a 35-km sequence of oceanic sediments over a 90-km lithosphere that included a 35-km continental crust (Fig. 7) . This lithologic profile is an analogue to the stack of metasedimentary sequences which lie over the Indian crust in the Himalayas, the stack of CMB sequences over the Grenville basement in Maine, and the stack of Proterozoic and Archaean sedimentary rocks over the Wyoming basement in the Black Hills.
The initial 'saw-tooth' thermal profile has an appeal to some because it reflects a rapid superposition of hot rocks over cold rocks, which could potentially produce an inverted metamorphic sequence below the thrust (e.g. Swapp & Hollister 1991) . However, the details of the initial saw-tooth thermal profile for the long-term thermal evolution of orogens are unimportant, because the profile gets smoothed out by relaxation within w10 Ma after 'instantaneous' stacking, erasing most of the initial inverted thermal profile below the thrust.
The total thickness of the lithosphere in all models was assumed to be 125 km. In the lithosphere-thinning models, the thickness was reduced to 100 and 80 km at 30 Ma. after instantaneous stacking of the crust. Temperature at the surface was fixed at 25(C and at the base of the lithosphere at 1300(C, maintained by convective mantle flow below. The present authors chose fixed temperature at the base of the lithosphere because both temperature and heat flux at the base of the crust are transient variables during orogeny. Models which assume a fixed heat flux at the base of the crust during the crustal heating process imply that, as the crust is heating up, there is an artificial rise in the mantle temperature to keep a constant thermal gradient across the Moho since Fourier's law requires heat flux to be proportional to the thermal gradient.
Although various rates of denudation of the thickened crust can be incorporated into the models to fit a known P-T-t path in a particular orogen (Nabelek & Liu 1999; Nabelek et al. 2001) , here the authors assumed a fixed 70-km crustal thickness for all models, except for decompression melting. The assumption of the fixed crustal thickness allows us to make more general conclusions. It is also reasonable for the Himalayas, where the crust has maintained a double thickness through dynamic equilibrium between erosion and thickening, and the southern Trans-Hudson orogen, where the crust has remained >50 km thick since the collision even after w15 km of erosion.
Internal heat generation depends on the concentration and distribution of heat-producing radioactive isotopes in the crust. The authors used 2 W m 3 for volumetric internal heating at the surface (A o ), which is based on the average concentration of the major radioactive isotopes in the Black Hills schists (Nabelek & Bartlett 1998 ). The value is normal for crustal rocks, which generally have heat production in the range of 0·5 to 3 W m 3 (Spear 1993 ). The present authors used two profiles for radiogenic heat production in the upper plate. The first incorporates a 'cold upper plate' (CUP) that has an exponential decrease of internal heat production with depth,
, where Z is depth and D is drop-off length (Lachenbruch & Sass 1977) . D was assumed to be 15 km. The second profile incorporates a 'hot upper plate' (HUP) in which internal heat production does not decrease with depth. The second profile is more appropriate for an upper plate made up mostly of pelitic metamorphic rocks. In both cases, heat production in the lower crust was assumed to decay exponentially with depth with D=15 km and A o =2 W m 3 . Higher average radiogenic heat production in the upper or lower plates, for example R3 W m 3 (Huerta et al. 1998; Jamieson et al. 1998) , would require unusual conditions which may be specific to a given orogen, but are unlikely to be generally applicable.
Geotherms and relevant P-T-t paths for all models shown are in time intervals of 10 Ma for the total of 50 Ma, except in cases of lithospheric thinning for which the 60 Ma geotherms are also shown. In the Black Hills and the Himalayas, leucogranite generation has occurred 30-40 Ma after initiation of collision. Therefore, geotherms for these times are most important.
Geotherms in 'cold' thickened crust
The evolution of geotherms in a thickened crust with CUP is shown in Figure 8a . The geotherms are essentially the same as those produced by others for similarly distributed internal heat production (e.g. Thompson & Connolly 1995) . It is clear that simple stacking of crusts with normal internal heat generation cannot raise temperature high enough to melt the crust anywhere. Melting could only occur in rocks which are rapidly uplifted from depths of more than w50 km, as shown by Thompson & Connolly (1995) . These are not appropriate depths for source rocks of leucogranites in thickened crusts because there is no strong evidence that accretionary metapelitic rocks are injected into these depths during collisions, although this has been recently proposed for the Himalayas (Kohn & Parkinson 2002) . Alternative models assumed different distributions of radioactive elements in the crust and shear-heating as means to raise the geotherms sufficiently to produce melts within the crust without the involvement of mafic magmas (Chamberlain & Sonder 1990; Royden 1993; Harrison et al. 1998; Huerta et al. 1998; Jamieson et al. 1998; Nabelek & Liu 1999; Nabelek et al. 2001) .
Geotherms in 'hot' thickened crust
Stacking of HUP, with uniform 2 W m 3 internal heat generation, causes elevation of geotherms, particularly in the middle and lower crust compared with the CUP case (Fig. 8b) . However, only the very bottom of the crust may reach melting conditions after w50 Ma. A greater thickness of HUP or deeper burial of lithologies with high radiogenic heat production could elevate the melting zone to shallower depths (Huerta et al. 1998; Jamieson et al. 1998 ), but within reasonable ranges of radioactive heat production, this model cannot sufficiently heat the upper plate to melting conditions. 
Decompression melting
Decompression melting is a popular model for leucogranite generation in convergent orogens (e.g. Zeitler & Chamberlain 1991; Harris & Massey 1994) . The model is based on petrologic evidence for rapid decompression of massifs which contain leucogranites and migmatites. A weakness of most published decompression models is that they say little about how source rocks become hot enough to eventually melt and from what depths they come during decompression. Progress in estimating the depth of burial of source rocks was made by Vance & Harris (1999) , who used combined thermobarometry and dating of garnet growth to show that High Himalaya crystallinites in the Zanskar region of India reached 10 kbar and 700(C at w5 Ma before leucogranite generation. What happed to these rocks during this time period before leucogranite generation is unclear, but they would have had to remain hot until melting has occurred.
The present authors modelled decompression melting using the HUP stack, assuming exhumation beginning at 40 Ma after the 'instantaneous' thrusting event. The exhumation was at the constant rate of 3 mm y 1 and lasted for 10 Ma. For decompression melting to work, the exhumation rate must be higher than the rate of thermal relaxation so that raising of geotherms to shallower levels can be sustained. The used exhumation rate is the lower estimate for exhumation of the Nanga Parbat massif in the Himalayas (Whittington 1996) . In the Black Hills there is no evidence for such high exhumation rates. Figure 8c shows that 10 Ma of rapid exhumation of hot lower-crustal rocks significantly elevates the geotherm to temperatures sufficient for melting at relatively shallow levels. However, the corresponding depth-temperature-time (D-T-t) paths (Fig. 8d) show that only rocks which come from depths of >45 km can cross the metapelite solidus, and only after more than w40 Ma of thermal relaxation after initial thickening. Thus, decompression melting requires that source rocks had been buried near the bottom of the thickened crust prior to melting, much deeper than the maximum depth estimated for the High Himalaya crystallinites by Vance & Harris (1999) . Although Kohn & Parkinson (2002) argued for burial of the High Himalaya crystallinites to w100 km based on rare eclogites found in the crystallinites, it is unknown when the eclogites formed. In the Black Hills and Maine, there is no evidence for such deep burial of leucogranite protoliths. Furthermore, it is unclear why decompression paths of source rocks in the three orogens would happen to have crossed the metapelite solidus mostly below 10 kbar instead of at higher pressures during exhumation. 
Thinning of mantle lithosphere
Thinning of the mantle lithosphere as a means to heat up the crust has been invoked to explain the intrusion of leucogranites into deformed and metamorphosed metasedimentary rocks in several collisional orogens, including the CMB and the Trans-Hudson (e.g. De Yoreo et al. 1991; Holm et al. 1997) . Because leucogranite plutons in these orogens imprinted contact aureoles on their country rocks, they were interpreted to be post-collisional. However, more recent structural evidence and thermal models suggest that the granites merely intruded upper portions of metasedimentary sequences which were still undergoing contractional deformation and melting at greater depths (Brown & Solar 1998b; Nabelek et al. 2001) . Nevertheless, it is useful to examine the feasibility of producing leucogranites within upper-plate rocks if the mantle lithosphere is thinned after a period of doubled crustal thickness.
In the models, the present authors assumed that the lithosphere was instantly thinned 30 Ma after crustal thickening. The thinning was assumed to occur from the bottom. They modelled two cases, one with thinning to 100 km of lithosphere thickness and the other to 80 km (Fig. 9) . In both cases, HUP was assumed since it favours greater elevation of geotherms. The results show that, if the lithosphere is thinned to 100 km, geotherms in the upper crust are not raised to melting conditions even when steady-state conditions are approached 30 Ma later. In the case of a 80 km lithosphere, it would take w25 Ma after thinning to raise the geotherm to melting conditions at the upper plate-lower plate boundary. Thus, there has to be a period on the order of tens of millions of years after extreme (w45 km) lithosphere thinning before magmas can be generated from metapelites in the upper plate.
To explain 'apparent' post-collisional granites, lithosphere thinning has been assumed to begin after cessation of contractional deformation. The 25-Ma period required to heat up upper plate rocks is not supported by data from either the Black Hills or the Himalayas. In the Black Hills, metamorphic monazite within foliated metapelites grew only w5 Ma prior to intrusion of the Harney Peak Granite (Dahl & Frei 1998; Dahl et al. 2002) . In the Himalayas, there is about the same gap between garnet growth in the High Himalaya crystallinites, which is thought to date deformation of the rocks and leucogranite generation (Vance & Harris 1999) . Five million years is insufficient for conduction to bring sufficient heat into upper parts of a thickened crust after thinning of the mantle lithosphere, even with the extreme assumption of instantaneous thinning.
The model would be helped if thinning of the lithosphere was at least partly concurrent with collision. Although the lithosphere has been thinned under northern Tibet, for example, while the Himalayan collision is still active , the lithosphere has remained thick below the Himalayas. Below the southern Trans-Hudson orogen and the CMB, the lithosphere is thick to this day (e.g. Van Der Lee & Nolet 1997) .
In subduction regions and extensional terranes, where various forms of lithosphere thinning, including slab break-off, can occur, the thinning is typically accompanied by alkalic volcanism or production of I-type lower-crustal magmas as basaltic liquids are intruded into the crust and the geotherms become elevated (e.g. Fig. 9b ). There is no evidence for this style of magmatism in the Black Hills, the Himalayas or the CMB at the time of leucogranite production.
Shear-heating
Shear-heating has been invoked to explain both inverted metamorphic gradients below shear zones and leucogranite generation (Zhu & Shi 1990; Harrison et al. 1998; Nabelek et al. 2001) . Shear-heating is attractive because it directly relates magma generation to preceding metamorphism and deformation that is evident in orogens. It is a common misconception that these shear-heating models involve simple frictional heating along fault planes. On the contrary, as applied here, shear-heating is the thermal response of rocks to strain that acts over a volume of rock that is undergoing deformation. Therefore, it can also be effective in the ductile regime within the crust. Perhaps a better term would be 'strain-heating', but the present authors retain the more commonly used term. In their models, shear-heating is assumed to operate across a broad horizontal shear zone, consistent with the occurrence of broad migmatitic shear zones in pelitic sequences which are thrust over basements during collisions.
The rate of volumetric shear-heating in strained rocks is given by
where is shear stress, is thrusting velocity, and dz is the width of the shear zone (Liu & Furlong 1993) . The parameter Figure 9 Evolving geotherms in a stacked lithosphere with 'hot upper plate' that has undergone 'instantaneous' thinning of the mantle lithosphere at 30 Ma after initial thickening. In part (a), the lithosphere was thinned to 100 km, and in part (b), to 80 km. Only the thinner lithosphere permits melting of the upper plate, but only after w25 Ma of thermal relaxation after thinning.
dz accounts for partitioning of stress created by plate convergence across the width of the shear zone. The present authors assumed that the effect of shear-heating decreases in a Gaussian fashion away from centre of the shear zone. They also assumed that the width of the shear zone is 4 km. This width is approximately the spacing of faults in the Black Hills and is appropriate for scales of shear zones elsewhere. In any case, the results are relatively insensitive to dz values between 1 and 10 km. Shear-heating requires that rocks retain sufficient shear strength to heat up while deforming at geologically slow rates. The authors assumed that shear stress is limited by the shear strength of rocks in the shear zone. They used 35 MPa for , the shear strength of a mica schist at 750(C under a strain-rate of 10 15 s 1 , based on experiments of Shea & Kronenberg (1992) . It is notable that the strength of a mica schist is quite insensitive to temperature, especially in comparison to a dry granite, which rapidly looses strength above 500(C (Fig. 10) . Thus, the strength of a mica schist is much less sensitive to temperature increase with depth in the crust than the strength of a granite, which is commonly used to model the strength of the continental crust and effectiveness of shear-heating with depth (e.g. Leloup et al. 1999) . Indeed, a granite rheology leads to a very weak lower crust, whereas a schist rheology leads to a quite strong lower crust even in the ductile regime (Shea & Kronenberg 1992; Nabelek et al. 2001) . The shear strength of a mica schist has also small dependence on strain rate (Fig. 10) .
In the present models, shear-heating was allowed to proceed only below the melting interval because it is presumed that strain is partitioned into the melt in partially molten rocks. Therefore, when temperature within the shear zone reaches the solidus, shear strength of the rocks should significantly drop. When shear strength drops, the temperature drops below the solidus until strength is again regained either because the rock solidifies (becomes a migmatite?) or because the melt is extracted. In this way, temperature within the shear zone in the models was kept near the solidus by cycling the strength of the rocks. The cycling reproduces a possible episodic extraction of melts from a deforming region. It is also noted that provision for heat of fusion was incorporated into the models. Four sets of geotherms for different rates of thrusting, shear zone depths, and different heat-production profiles are shown in Figure 11 . Note that the depth of the shear zone does not correspond to the upper/lower crust boundary in the examples shown. Placement of the shear zone above the main crustal boundary merely emphasises that shear-heating is effective in raising the crustal geotherms irrespective of where shear zones occur. In all cases, thrusting was assumed to occur for the whole duration of simulation. Overall, the results show that shear-heating caused by deformation associated with thrusting at the rate of 4 cm y 1 can easily raise temperatures in the upper plate to conditions of melting. The metapelite solidus is intersected even in a CUP when the shear zone is at w25 km or deeper (Fig. 11a) . For HUP, the shear zone can be at a much shallower depth and still generate leucogranites. Whether the shear zone is at 15 or 25 km depth, the metapelite solidus is intersected within the upper plate (Figs. 11b, c) . However, it takes >10 Ma longer for melting conditions to be reached if the depth is 15 km because colder rocks need to be heated and heat generated by shear is lost faster by conduction closer to the surface.
It is notable that, irrespective of where the shear zone is in the upper plate, the geotherms cross, undoubtedly by coincidence, the metapelite solidus near the probable intersection of the MDM and BDM reactions. This allows for the occurrence of both reactions within a very narrow temperature range, such that they can occur at approximately the same time and the same depth in metapelites which contain both muscovite and biotite, and metagraywackes which may contain only biotite. Thus, tourmaline-muscovite and two-mica leucogranites can be produced within the same region of the crust.
Lowering the rate of thrusting diminishes the effectiveness of shear-heating. At 2 cm y 1 , the metapelite solidus is barely intersected within the middle crust if there is HUP (Fig. 11d) . In the case of CUP, the metapelite solidus is not intersected. Of course, doubling of the shear strength is as effective as doubling the rate of thrusting. Shear strength would increase, for example, with higher strain rate (Fig. 10) . If shear strengths of rocks were as high as empirically estimated by England & Molnar (w100 MPa; for shear zones which include inverted metamorphic gradients below them, then shearheating would be effective in raising geotherms even at much lower rates of thrusting and in a crust with less radiogenic heat production.
Discussion
The model results show that heating associated with deformation in a shear zone in the upper plate can effectively raise the geotherm to initiate melting. A common objection to the shear-heating model is that, once melting begins, the contribution of shear-heating to the geotherm will drop as shear stress in the shear zone becomes negligible. This drop in temperature will reduce melt production. Moreover, because strain becomes accumulated in the partially molten zones, deformation will be reduced elsewhere in the crust (Brown & Solar 1998a) . Such drop in shear stress in the crust may explain why leucogranite generation appears to have often followed deformation of metapelites during convergent orogenies. On the other hand, MDM, which can lead to, on average, w15% melting in rocks like the Black Hills metapelites (Nabelek & Bartlett 2000) , is essentially a discontinuous reaction occurring over a very narrow temperature interval (Patiñ o-Douce & Johnston 1991). Therefore, generation of melts by MDM is likely to be rapid and proceed to completion once melting temperatures are reached. Moreover, after initial melts are extracted, shear stress in the source region may again increase to produce additional melts from still-fertile rocks, perhaps even at a higher temperature. Thus, protracted or episodic leucogranite magmatism can occur during continental collisions (e.g. Harrison et al. 1998 ). In the Black Hills, the earliest Figure 10 Shear strengths of mica schist and dry granite as a function of temperature calculated from coefficients for power-law behaviour of rheology (Kirby & Kronenberg 1987; Shea & Kronenberg 1992) . Assumed strain rate for each plot is indicated in the legend. known dates for leucogranite and pegmatite magmatism are 1720 and the latest 1702 Krogstad & Walker 1994) , indicating a w20 Ma period of magmatism.
The evolving geotherms shown in Figure 11a -c nicely reproduce the progression from initial garnet growth in uppercrustal rocks at 400-500(C, followed a few tens of millions of years later by leucogranite generation, and then by rapid cooling that may accompany exhumation of crustal blocks Nabelek et al. 2001) . Therefore, the shear-heating model ties together metamorphism, deformation and magma genesis into one dynamic process instead of a set of discrete events. Viewed in this manner, exhumation of massifs may be the result of granite generation instead of being the cause of it. As shown by Teyssier & Whitney (2002) , partially molten crustal blocks may undergo buoyancy-driven exhumation that may bring deep migmatitic parts of the crust to the surface. The partially molten rocks may undergo further melting if their decompression path is rapid enough to remain nearly isothermal so that the rocks effectively move further above their solidus that has a positive dP/dT slope.
The present authors' modelling suggests that an inverted metamorphic gradient that may initially develop below a thrust of one crustal plate over another (c.f. Swapp & Hollister 1991 ) is unlikely to be preserved after 10 Ma, unless the thrust is rapidly exhumed and the inverted gradient 'quenched'. Only when the upper plate is hot and the thrusting fairly rapid may shear-heating maintain a thermal maximum at the shear zone for longer durations (Fig. 11b) . Nevertheless, the maintained inverted thermal gradient is much smaller than that observed below the MCT in the Himalayas, for example. By the time temperatures in the upper plate reach melting conditions, the rocks below are also in excess of 700(C, and therefore, largely dehydrated except for structural water in micas. It is highly unlikely that conditions can exist in the crust where dehydration of low-grade sediments leads to melting in an overthrusted hot plate, as in the model of Le Fort et al. (1987) . Evidence for substantial movement on the MCT and garnet growth in the inverted sequence below it over the last 3 Ma also argues against a connection between metamorphism of the footwall sediments and generation of the High Himalaya granites (Catlos et al. 2001) .
Conclusion
Shear-heating associated with deformation of the upper thickened crust provides the best explanation for the common characteristics of leucogranites and their relationships to metamorphism and structure in several collisional orogenies which have occurred throughout the Earth's history. The shearheating model directly links partial melting of upper-crustal lithologies to the dynamic crustal processes which occur during thrusting of continental slices over the subducting continental crust. The model does not require exhumation of source rocks from the deep crust, abnormally high concentrations of heatproducing radioactive elements in the crust or extensive, very rapid thinning of the mantle lithosphere as are required by alternative models. While such conditions may be specific to a given orogen, it is unlikely that they existed in all collisional orogens where leucogranites occur. The shear-heating model emphasises the active nature of the leucogranite-generation process that is evident in all the orogens examined in this study.
